The applicability of Distributed Temperature Sensing (DTS) as a technology to monitor CO 2 flow within CO 2 injection zones at the inter-well scale, as well as to detect CO 2 leakage into the overburden, is studied in this paper An onshore CO 2 injection site in the U.S. Gulf Coast that has received more than 5 million metric tons of CO 2 is the setting for this study. Temperature measurements were acquired every meter along two dedicated CO 2 observation wellbores, with sample rates that ranged from 2 to 15 minutes, from November 2009 through November 2010 and from September 2011 to January 2012. More than five hundred million temperature measurements were recorded during these time periods. As part of our analysis, we discuss the thermal processes and mechanisms expected to contribute to the thermal signal recorded by the DTS system, as well as the temperature changes induced by the temperature discrepancy between the injectate and the reservoir fluids. Results indicate that DTS can be a useful supporting tool when used in combination with pressure monitoring and imaging technologies.
Introduction
Fiber optic is an attractive technology in the current CO 2 monitoring market because it provides continuous monitoring along the entire length of a wellbore. Other advantages over conventional permanent downhole sensors include immunity to electromagnetic interference, greater sensitivity, resistance to high temperatures, capability of multiplexing and ease of integration into large scale fiber networks and communication systems [1] , [2] , [3] . Distributed Temperature Sensing (DTS) is a technology that consists of sending a pulse of light down a fiber optic cable installed along a wellbore from wellhead to total depth and back. Thermal effects induce oscillations within the fiber's quartz glass. The light particles interact with the electrons of the thermally exited quartz glass molecules producing an effect known as light (or Raman) scattering. One of the three spectral components of the backscattered light, the anti-Stokes Raman backscatter, is temperature dependent. Therefore, anti-Stokes measurements can be used to calculate temperature along the fiber at high resolutions.
Applications of this technology are varied and include measurement and monitoring of near-surface hydrologic processes, such as groundwater-surface water interactions [6] management of steamflood performance [1] , estimation of water injection and oil production profiles [5] , and identification and quantification of zonal production in stacked reservoirs [4] . Most recently, DTS has been used to monitor migration of CO 2 during injection into geological formations.
In this study, we analysed DTS data from two dedicated CO 2 observation wells in a Detailed Area of Study (DAS) of an onshore U.S. Gulf Coast CO 2 injection site, where more than 5 million metric tons of CO 2 have been injected. The injection zone is the lower Tuscaloosa Formation with depths ranging from 3,185 to 3,206 m.
Materials and Methods
The Detailed Area of Study (DAS) includes three aligned wells, one injector (F1) and two observation wells (F2 and F3) distanced 70 and 112 m from the injector, respectively (Fig. 1) . DTS fiber optic cables were deployed along the observation wells to help observe, in conjunction with other monitoring tools, the evolution of the CO 2 plume within the injection zone, as well as to register temperature all along the wellbores and monitor an Above Zone Monitoring Interval (AZMI).
Temperature measurements were acquired every meter along the wellbore, with sample rates that ranged from 2 to 15 minutes, from November 2009 through November 2010. During this time, more than 4 hundred million temperature measurements were recorded. This very large set of data was plotted and analyzed along the injection interval and the adjoining zones. The observed temperature evolution shows the vertical distribution and timing of temperature disturbances. 
Validation of DTS data
Previous DTS studies indicate the technology provides resolutions of 0.0045 °F ~ 0.00247°C for depths shallower than 915 m. [5] . Because the depth of our study site is deeper that 915 m, and in order to validate the accuracy of the temperature recordings, we compared data reported by the DTS system with data reported by pressure/temperature gauges installed in F2 and F3. These gauges were housed at depths of 3,060 m (AZMI) and 3,185 m (injection zone) in both wells.
In the case of F2, temperature data in both instruments show a similar trend during the first 3 months. On November 14 th , 2009, a coil tubing operation caused the gauge to read a temperature increase of 1.32°C and the DTS to register an increase of 1.5°C. After the end of the operation, temperature recordings of both instruments showed a temperature reduction which lasted one week. However, it can also be observed that DTS data start to decrease from February 2010 until September 2009 for a cumulative departure from gauge readings of 7.2 °C (Fig.  2) . DTS data recorded after February 2010 cannot be validated at the AZMI depth. A possible explanation for this inconsistency is instrument drift, which is a change in a measurement value when the same property is measured under the same conditions and by the same operator/person but at different points in time. In other words, instrument drift refers to the loss of calibration an instrument suffers over time. Similarly, temperature data recorded in F3 with both instruments show a similar trend during the initial period up to November 2010. During this period, records of temperature changes induced by external factors, such as workovers, show temperature jumps of similar magnitude in both DTS and gauge readings. For example, on December 9 th , 2009, coiled tubing was deployed in F3 to pump nitrogen at rates of 300 SCF per minute. On December 10 th 2009, a temperature spike was registered in both instruments. Similarly, a workover in F3 -which displaced tubing with brine and circulated gas out of the annulus and killed the well-was performed on September 10 th the following year and affected the temperature recordings with comparable magnitude. The gauge registered a temperature drop of 8.35°C and the DTS registered a drop of 9.3°C. A considerable DTS data gap is observed between November 2010 and September 2011 (Fig. 3) . DTS data acquired in September 2011 differs considerably from data acquired by the gauge during the same time period. The stable temperatures recorded by the gauge are consistent with the temperature behaviour expected in an AZMI. For this reason, DTS data cannot be validated after November 2010 at the AZMI depth. Like in F2, instrument drift is a possible explanation. 
DTS data analysis

DTS Temperature observation at F3
Temperature changes for the period of data acquisition are shown in Figure 4 . Undisturbed temperature gradient before injection is used as a reference for background temperature profile. Two important temperature trends are observed:
(1) A general cooling trend is marked by a progressively steeper gradient slope with time. The gradients start deflecting from the reference gradient toward cooler temperatures at the beginning of January 2010. By January 2012, the temperature in the AZMI zone had cooled by 5.6 °C. This temperature reduction is also observed at the injection zone where temperature recordings show a 11.4°C temperature decrease with respect to the maximum temperature recordings observed in January 2010 (123 °C). These behaviours imply that as the CO 2 flowed through the formation, it cooled the reservoir not only where present but also the surrounding rock. However, the temperature front reached the well about 3 weeks after the CO 2 did. (2) An unexpected warming trend is observed along the perforations. This warming effect also starts occurring at the beginning of January but dissipates by mid-June. This warming effect appears intermittently during August, September and October. The possible explanation for this trend is still being investigated. 
DTS temperature observation at F2
The temperature evolution for the period of gathered data is shown in Fig. 5 . A cooling trend is also seen in this well. However this cooling trend changes after one year. As it can be observed, the temperature recordings increased from 103.3 °C, recorded in September 2010, to 123.1 °C in the AZMI recorded in September 2011. This pattern is also observed at the injection zone were the temperatures increased 24.1 °C in one year to reach 125.7 °C in September 2011.
All monthly profiles, excluding that of November when the well was nitrogen lifted, follow what is assumed to be the ambient gradient down to a depth where, like in F3, a deflection -or a change in slope-occurs toward cooler temperatures forming a "delta like" shape. The temperature gradient shows a similar performance and temperature recordings along the wellbore for the period of November 2009-August 2010. In September the temperature recording show a shift down along the wellbore this could indicate some work overs or any other well manipulation for this reason we must be cautious while analysing the temperature data. From these temperature recordings we are able to identify a shift of the temperature gradient as a result of the N 2 injection in mid-November 2009 (Fig. 6) . This cooling does not take place until mid-February, even though significant masses of CO 2 arrived at the F2 well by December 12 th when the tubing pressure increased by 20 psi over several hours. Also in this well, temperature changes in the injection zone recorded by DTS fiber show no thermal signal above background associated with the first arrival of CO 2 . The temperature front in this well, Figure 4 , seems to have lagged even longer as it traveled toward F2 than it did as it traveled toward F3, in spite of F2 being closer to the injection well. By July 2010 the cooling effect reached 2,667 m, much shallower than that in F3. The extent in depth of this temperature perturbation is not interpreted to have occurred within the formation, but to be strongly influenced by thermal processes in the well.
Conclusions
Useful information can be obtained from continuous DTS data, particularly when combined with pressure monitoring and imaging technologies. The advantage of DTS over a temperature gauge is that it provides continuous information over the entire length of a well. However, the gauge readings seem to be more stable. Considerable noise affects the accuracy of the readings at high depths, as noise increases with depth. The standard deviation reached over half a degree F at the bottom of F3. This is important when considering the sensitivity of the tool to detect leaks and ranges of application. In addition, DTS measurements where erratic at depths of 3,000 m and deeper, with instrument drift being the most reasonable explanation. More detailed analysis will be needed to identify the process or processes that caused the sharp warming signal along F3 perforations. Modeling is also needed in order to get a better understanding of the parameters that govern the traveling speed of the temperature change.
